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Executive Summary
Objectives

Forward Collision Warning (FCW) systems which aid drivers in avoiding collisions or
mitigating their severity when they occur are now emerging. Adaptive Cruise Control
(ACC) systems are also emerging as a convenience feature that enhances conventional
cruise control by adjusting the vehicle’s speed to match that of preceding vehicles.
Adaptive Cruise Control and Forward Collision Warning systems rely upon similar
sensors and, therefore, are likely to be offered as a package.

The goal of the Advanced Collision Avoidance System/Field Operational Test
(ACAS/FOT) Program is to determine the practical suitability of the combined
ACC/FCW function for widespread use by the driving public. Suitability for wide use
will be determined by the extent to which the installed system (1) offers a marketable
level of value, as perceived by its users, (2) yields significant safety and convenience
benefits for most of them, and (3) poses minimal added risk to almost anyone. During
the Field Operational Test a sampled pool of laypersons will be given vehicles equipped
with ACAS for use as their personal car for four weeks each. A rich set of objective and
subjective data will be collected before, during, and after the drivers use the system so
that system performance, usage patterns, and changes to driving behavior may be
analyzed.

Preparation for the Field Operational Test started in June 1999. Phase I finished in
December 2001. Phase I included:

1. Development — The program improved technologies/components necessary for
the FCW system, some of which were developed during the previous ACAS
Program.

2. Integration — The refined FCW technologies/components were designed into the
vehicle to form an integrated rear-end collision warning system,

3. Verification — The prototype vehicle was subjected to closed-course and in-traffic
tests to verify that it functions as intended.

Phase II of the program started immediately after Phase 1. It will include:

4. Deployment Fleet — The verified design will be used to build a deployment fleet
of ten vehicles equipped with the system.

5. Field Operational Test — The field operational test plan will be implemented. The
deployed vehicles will be used to collect valuable research data to assess/validate
the technology, product maturity, and the response of the public to the
technology.

Functional Overview

In ACAS the FCW and ACC functions are implemented using a combination of (a) a
long-range forward radar-based sensor that is capable of detecting and tracking traffic,
(b) a forward vision-based sensor that detects and tracks lanes and (c) a Global
Positioning Satellite (GPS) receiver and a map database to help ascertain road geometry.

ACAS uses data fusion techniques to combine road-geometry estimates derived using
multiple sensor and processing techniques. The radar tracks are then analyzed to select



the Closest In-Path Stationary object (CIPS) and the Closest In-Path Vehicle (CIPV) (i.e.,
one that is or has been seen to move). The Adaptive Cruise Control function uses the
throttle and brakes to maintain the vehicle speed or to track the speed of a leading vehicle
at a headway selected by the driver. The threat assessment function evaluates the
dynamics of the CIPV and CIPS to generate an alert level. The driver can select the
sensitivity of the threat assessment algorithm. The alert level is used to generate audio
and visual warnings to the driver. The visual alerts, along with other status information,
are displayed on a fully programmable, color, head-up display (HUD).

Development Approach

During Phase I, the various subsystems were refined on a number of Engineering
Development Vehicles. The refined subsystems were integrated and tested in a single
Prototype vehicle. The Prototype vehicle includes all the functionality required for the
field operational test but the packaging is not the size required. During Phase II, two
Pilot vehicles will be built that meet the functionality and packaging requirements. As
the performance of the pilot vehicles is verified, ten deployment vehicles will be built.

Major Accomplishments in Phase [
The major accomplishments during Phase I included the following.

1. A Microwave Monolithic Integrated Circuit (MMIC) component that can be used to
decrease the cost of future automotive radars was developed and tested.

2. Target detection, tracking, and identification algorithms were developed and
enhanced, including improved bridge identification and radar blockage detection.

3. Three university-based teams developed vision-based lane sensing algorithms. The
vision systems detect lane changes, estimate the road geometry (using a clothoid
model), estimate lateral offset in the lane, and estimate host heading angle within a
lane. One algorithm was chosen for further development and integration into ACAS.

4. A previously developed road geometry estimation function that uses GPS vehicle
location measurements and a map database was enhanced to (a) increase the update
rate to 10 Hz, (b) improve dead reckoning when GPS is missing, (c) improve shape
estimates at transitions into and out of curves, (d) add confidence levels, and (¢) add
information about upcoming road features such as intersections.

5. A scene tracking function was developed that analyzes radar data from preceding
vehicles to estimate forward road geometry and the host vehicle heading with respect
to the road.

6. Two data fusion approaches (weighted combinations and consensus) were developed
to combine multiple sources of road geometry and host state estimates.

7. Previously existing target selection algorithms were enhanced to (a) use the output
from the data fusion function, (b) improve filtering to reduce errors in identifying in-
path targets.

8. Four distinct threat-assessment algorithms were developed and tested: one based upon
the recommendations of the Crash Avoidance Metrics Partnership (CAMP), one
based upon concepts proposed by staff at the National Highway Transportation Safety



Administration (NHTSA) and two proposed by GM. One of the GM algorithms was
selected for use in the FOT.

9. A driver-vehicle interface (DVI) was developed based upon extensive analysis of
prior research, supplemented by new fixed base simulator tests, closed course tests,
and evaluations on public roads. The final DVI includes (a) the standard Buick
LeSabre cruise-control buttons on the steering wheel, (b) a new steering wheel button
to control ACC headway and FCW sensitivity, (c¢) a head-up display showing vehicle
speed, ACC/FCW settings, FCW visual alerts, and status information, (d) an audio
output for FCW imminent alerts and to signal when status messages appear, and ()
the brake and accelerator pedals to disengage or override the cruise control
respectively. The 3-stage multi-color looming display shown below was selected for
the Prototype vehicle. A single-stage non-speech audio alert was also selected after
evaluating several two-stage (cautionary and imminent) and one-stage (imminent
only) audio alerts using several non-speech tones.

A B C D

Figure 1: FCW Visual Cues (A) blue-green vehicle detected, (B) amber 1* stage
alert, (C) red 2" stage alert, and (D) red and yellow imminent alert.

10. A production brake system was enhanced to provide the auto-braking function
used by the ACC. The production brake system also includes anti-lock braking,
traction control, and vehicle stability enhancement features.

11. A production cruise controller was modified to provide the adaptive cruise control
function. It was tuned to the Buick LeSabre and enhanced to provide greater
driver comfort.

12. The entire ACAS system, as implemented on the prototype vehicle, was subjected
to verification tests at the subsystem and system level. There were 30 system-
level tests, including 29 on closed tracks and one on public roads. The system-
level tests verified that FCW alerts occurred when intended, that there were few
nuisance alerts, and that the ACC functioned properly.

13. A detailed Field Operational Test plan was developed and approved by the GM,
University of Michigan, and Department of Transportation human use review
panels.

Conclusion

Phase I of the ACAS/FOT program was completed successfully in December 2001. The
FCW and ACC functions were developed and integrated into a prototype vehicle. The
prototype vehicle passed the agreed upon verification tests. Completion of the
verification tests and approval of the FOT plan led to approval to start Phase II.
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1 INTRODUCTION

1.1 Program Overview

General Motors Corporation and Delphi-Delco Electronics Systems joined together to
establish a program team in order to pursue the next logical progression in advancing the
science of automotive safety in the field of Collision Warning (CW) systems. The
integrated collision warning system incorporates the functionality of both Forward
Collision Warning (FCW) and Adaptive Cruise Control (ACC). This report documents
the activities and achievements of program Phase I (June 1999 — December 2001). In
Phase II (January 2002 — March 2004), this program team will conduct an extensive Field
Operational Test (FOT). The field operational test is aimed at bridging the gap between
research-and-development and the deployment of new technology in the real world of
driver-vehicle-highway systems. In this sense, the FOT is an opportunity to gain new
knowledge concerning the influence of new technological capabilities on pertinent
aspects of the driving process.

Through a series of formal verification tests during Phase I, the CW functionality was
shown to be effective in detecting, assessing, and alerting the driver of potential hazard
conditions associated with the threat of a rear-end collision ahead of the host vehicle.

The ACC function provides active vehicle actuation (brake and throttle control) in
response to maintaining a specified longitudinal headway control. During Phase II the
program team will design and build ten passenger-style host vehicles, each equipped with
a collision warning vehicle package and an unobtrusive data acquisition system, which
will support the FOT.

1.2 Objectives

The main objective of the Automotive Collision Avoidance System Field Operational
Test Program is to identify key enabling technologies that can accelerate the development
of a collision warning system, which in turn can be used to assess the technological
impact of a collision warning system through a comprehensive field operational test
program. The performance of the cohesive collision warning vehicle package will be of
sufficient fidelity, robustness, and maturity so that a meaningful field operational test
program can be executed. To accomplish this the program is broken down into a number
of defined tasks with the following objectives:

System Integration (Task A)

The ACAS team has been following the GM Vehicle Development Process to ensure that
a robust, safe vehicle is provided for the field operational test. Systems Integration
consists of preparing a system functional description, system architecture/mechanization,
interface management documentation, a system verification plan and a risk management
plan.

1-1
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Forward Radar Sensor (Task Bl)

The objective of the Forward Radar Sensor task was to make the sensor more robust by
implementing:
1. An integrated Microwave Monolithic Integrated Circuit (MMIC) transceiver-
antenna interface.
2. An Auto Alignment Algorithm that electronically adjusts the sensor for
mechanical misalignment due to vehicle wear and tire alignment.
3. A Radome Blockage Algorithm that detects and warns the driver when the sensor
is blocked by dirt, slush, or other material.
4. A Bridge Rejection Algorithm that classifies bridges as “safe” overhead obstacles
so they do not cause unnecessary warnings.

Forward Vision Sensor (Task B2)

The overall goal of the Forward Vision Sensor task was to facilitate the development of a
robust, real-time, forward-looking lane tracking system to enhance the overall forward
Path Estimation and Target Selection algorithms.

Brake Control System (Task B3)

The key objective of this Task was the removal of the Original Equipment Manufacture’s
(OEM) brake components from the vehicle and replacement of them with the hardware
and software for a new brake system. The new brake system supports automatic braking
for Adaptive Cruise Control (ACC) while maintaining the electrical and diagnostic
interfaces. Delphi Chassis and Energy Systems performed this Task.

Throttle Control System (Task B4)

The objective of this task was to provide a throttle control system for the ACAS vehicles.
The basic approach to accomplishing this task was to use the existing throttle control
system on the model year 2000 Buick LeSabre. This throttle control in the Buick
LeSabre is a stepper motor cruise control (SMCC) designed and built by Delphi. It has
been used successfully in other projects and the modifications required were known.

Driver-Vehicle Interface (Task B5)

The primary objective of the Driver-Vehicle Interface task was to convey information
from the Adaptive Cruise Control and Forward Collision Warning systems to the vehicle
operator in as unambiguous a fashion as possible. For the FCW system, warning cues
and presentation methodology were selected and developed to direct the driver’s
attention immediately to the primary task of evaluating and reacting to the critical crash
event, while allowing sufficient time to perform some corrective vehicle control action to
either avoid the event or at a minimum to mitigate the crash energy. For the ACC
system, sufficient information is presented to the driver so that he/she is constantly aware
of the current status of the system (e.g., cruise control set speed, selected intervehicle
separation distance, and whether or not a preceding vehicle has been detected by the
system). For both systems, this information had to be presented in such a fashion as to be
easily understandable at a glance by the operator and without imposing extra workload
onto the driving task.
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Data Fusion (Task C1)

The objective of the Data Fusion task was to develop algorithms for data fusion
subsystem. The approach was to gather information on each sensor subsystem such as
performance specifications, confidence measures, and interface requirements. This
information was used to determine the fusion algorithms and set requirements on the data
fusion architecture.

Tracking and Ildentification (Task C2)

The objective of the Tracking and Identification task was to refine the path estimation
and target identification algorithms, incorporate vision and GPS/Map derived information
and to integrate them into the vehicle system.

CW Function and NHTSA CW Algorithm (Tasks C3 and C5)

The objectives of the Collision Warning Task was to develop threat assessment
algorithms. This was done by analysis, simulation, and test instrumented vehicle on test
tracks and in real traffic. The Task included supporting the National Highway
Transportation Safety Administration in their development of the “NHTSA Algorithm”.
The CW function was implement on GM Engineering Development Vehicle (EDV) and
Prototype vehicles for verification.

Adaptive Cruise Control Function (Task C4)

The objectives of the Adaptive Cruise Control Function task were to provide an Adaptive
Cruise Control (ACC) for the 2000 Buick LeSabre, determine the interface requirements
to the other vehicle subsystems, and provide support to development and deployment
groups.

Fleet Vehicle Build (Task D)

Engineering Development and Prototype vehicles were built in Phase I. In Phase II we
will build the Pilot and Deployment vehicles. The purposes of the various vehicle builds
are defined below:

1. EDVs were built to develop, design, implement and investigate the various
subsystems that will be available on the Deployment vehicles.

2. The Prototype vehicle, which was also built in Phase I, contained all the
developed subsystems, integrated into a single vehicle package. The Prototype is
the precursor to the Pilot vehicles.

3. Two Pilot vehicles will be built in Phase II to verify the final Deployment vehicle
design.

4. Finally, in Phase II, the Deployment vehicles having the full functionality as
described in the proposal will be built for the FOT.
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Field Operational Test (Task E)

The objectives of this Task center on the preparations and execution of the field
operational test, itself. In Phase I of this project, the objectives included planning the
pilot testing series, conducting Stage 1 and Stage 2 pilot tests, developing a Data
Acquisition System, and developing procedures, software, and a plan for executing the
FOT.

1.3 Approach

Due to the complexity and breadth of the system goals, the on-going design process has
relied heavily on using the established principles of system engineering as a framework
to guide this highly focused deployment design effort. As such, the technical activities of
the program were grouped into two phases. Phase I started immediately after program
inception, in June 1999, and lasted 30 months. Phase II started in January 2002.

The objective of Phase I was to refine the various subsystems on a number of
Engineering Development Vehicles, and to integrate and test these subsystems in a single
Prototype Vehicle. The objective of Phase II is the design and implementation of the
Field Operational Test and to build the Deployment Vehicles. The deployment vehicle
fleet will be used to collect valuable research data in order to assess/validate the
technology, product maturity, and general public perception. The system engineering
design process was highly effective in ensuring that design activity was preceded by
defining requirements and on the timely identification of technical, performance trade-
offs.

The primary goal of the Field Operational Test is to collect evidence that reveals the
salient issues of FCW & ACC functionality interaction for lay drivers while they are
otherwise engaged in virtually naturalistic usage of the host vehicles. The primary
“salient” issues are those addressing real and perceived levels of safety and utility, or
driver acceptance, which accrue during system usage. The approach to satisfying the
goal is to capture the driving experience of a driver sample by means of electronic data
collected via on-board instrumentation and through subjective feedback obtained via
surveys and when de-briefing the participants. The University of Michigan
Transportation Research Institute (UMTRI) has been sub-contracted to execute the day-
to-day operations of the FOT.

1.4 Major Milestones and Deliverables

Table 1.1 below shows the major milestones that were accomplished during Phase I of
the program.
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Table 1.1 Summary of Completed Phase I Milestones, by Date

Milestone Task Phase I Milestone Description Date
23 F ACAS/FOT “Kick-Off” Program Team Meeting Jul 99
4 B2 Lane Tracking “Kick-Off” Meeting Aug 99
9 BS5 DVI Technology Exchange “Kick-Off” Meeting Aug 99
15 C3 Threat Assessment Technology Exchange “Kick-Off” Meeting Aug 99
24 F ACAS/FOT “Kick-Off” Meeting Aug 99
12 Cl Data Fusion Architecture and Performance Requirements Definition Sep 99
1 A CW Architecture Definition Dec 99
19 E Submission Of FOT Pilot Test Plan Jan 00
25 F ACAS/FOT Program Review Briefing 1 Jan 00
7 B3 Brake System Design Apr 00
26 F ACAS/FOT Program Review Briefing 2 Jul 00
2 A CW Verification Plan Sep 00
5 B2 Lane Tracking Technology Down-Select Meeting Sep 00
20 E Completion Of FOT Professional Pilot, Testing & Data Processing Nov 00
10 BS DVI Warning Cue Set Selection Nov 00
13 Cl Preliminary Data Fusion Algorithm Simulation Demonstration Nov 00
27 F ACAS/FOT Program Review Briefing 3 Jan 01
3 A CW Interface Definition Feb 01
8 B3 Brake System On Engineering-Phase Vehicle Demonstration Feb 01
21 E Completion Of FOT First HURP Approval Process Feb 01
6 B2 Lane Detection/Tracking Vision System Selection Mar 01
17 D Engineering-Phase Vehicles Build Completion Mar 01
14 Cl1 Data Fusion Algorithm Simulation Demonstration Apr 01
11 BS DVI/HUD System On Bench Demonstration Jun 01
22 E Submission Of FOT Operational Test Plan Jun 01
16 C5 NHTSA Threat Assessment Algorithm on Prototype Phase Vehicle Demo Nov 01
18 D Prototype-Phase Vehicle Demonstration Nov 01
28 F ACAS/FOT Phase I Interim Program Review Briefing Dec 01
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Table 1.2 below shows the deliverables that were submitted to NHTSA during Phase I of

the program.

Table 1.2 Summary of Completed Phase I Deliverables, by Date

Deliverable Task Phase I Deliverable Description Date

9 B3 Brake Actuator System Design Summary Report Jun 00
23 F ACAS/FOT Program Review 2 Briefing & Program Plan Package Aug 00
24 F ACAS/FOT First Annual Report Sep 00
3 A System Verification Plan Oct 00
4 A Risk Management Plan Nov 00
18 E FOT First HURP Request Nov 00
25 F ACAS/FOT Program Review 3 Briefing & Program Plan Package Feb 01
5 A Interface Control Document Mar 01
8 B2 Lane Tracking System Down-Select Summary Report Apr 01
11 BS5 Warning Cue Implementation Summary Report Jun 01

14 C3 Threat Assessment Simulation Summary Report Jun 01

15 C5 NHTSA Threat Assessment Simulation Summary Report Jun 01

19 E FOT Operational Test Plan Jun 01

6 B1 FLR Interim Report Jul 01

10 B3 Brake Actuator System Test Summary Report Sep 01
16 D Prototype Vehicle Verification Test Data and Report Nov 01
26 F ACAS/FOT Phase I Interim Report Briefing Package Dec 01
12 Cl Data Fusion Algorithm Simulation Summary Report Dec 01
13 C2 Path Prediction/Estimation Summary Report Dec 01
27 F ACAS/FOT Phase I Interim Report Dec 01

1.5  Master Program Schedule for Phase I

Figures 1.1 through 1.5 are top level program schedules showing work completed in
Phase I. More detailed schedules for each task are provided in the following Sections.
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D (3] Task Name

1 A System Integration

2 | A1 Func Descr

3 | D1: Functional Description Document

4 | MS1: CW Architecture Definition

5 | A2 System Arch/Mech

6 |47 D2: System Architecture/ Mechanization Report
7| A3 Interface Mgmt

8 | D5: Interface Control Document

9 | MS2: CW Verification Plan

10 |4 MS3: CW Interface Definition

1 |Ed A4 Syst Verification

12 7 D3: System Verification Plan

13 |[Ed A5 Risk Mgmt Plan

14 D4: Risk Management Plan

15 B Subsystem Development

16 B1 Fwd Radar Sensor

17 | B1A Integ Xcvr/Ant

18 |[Ed B1B Auto Align Algo Dev

19 |[Ed B1C Radome Blkage Algo Dev

20 | B1D Bridge Rej Algo Dev

21 | o D6: FLR Interim Report

22 |[Ed B1E Syst Int/Dev Suppt Planning

23 |[Ed B1E Syst Int/Dev Suppt

24 |7 D1: Function